Introduction
The National Metrology Institute of Japan (NMIJ), one of the units of the National Institute of Advanced Industrial Science and Technology (AIST), provides a wide variety of certified reference materials (CRMs) that are certified for chemical composition, elemental concentration, or chemical speciation of the elements. 1 The NMIJ CRMs were produced based on the NMIJ's quality system in compliance with International Standards Organization (ISO/IEC) Guide 34:2000 2 and ISO/IEC Guide 17025:2005. 3 Tea is the most widely consumed beverage in the world. 4 Much research has been carried out to investigate the elemental concentrations in tea leaves from the viewpoints of both nutrition and toxicity. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] In most cases, the investigations were accompanied by analytical method development or optimization, such as acid digestion, [5] [6] [7] [8] [9] [10] [11] extraction, 5,6,10-12 further preconcentration, 5 or solid sample analysis techniques. [12] [13] [14] Such kinds of research need proper CRMs for quality control of the analysis, evaluation or validation of analytical methods.
Some elements, such as As, Cd, Pb, Sn, and methyl Hg, are regulated by the General Standard for Contaminants and Toxins in Foods (GSCTF) 15 proposed by the Codex Alimentarius Commission of the Food and Agriculture Organization (FAO) of the United Nations and the World Health Organization (WHO). On the other hand, more than 10 nutrient elements, such as Na, Mg, Ca, K, P and Fe, are included in the dietary reference intakes set by Japan, 16 USA, 17 EU, 18 UK, 19 and Canada. 20 As a result, analyses of the elements in food samples are carried out widely around the world, in which CRMs are required for quality control.
In this paper, the authors present a CRM developed for the determination of the elements in tea leaves or similar matrices for environmental monitoring, food safety management, and other relevant purposes.
Experimental

Preparation of the candidate reference materials
Approximately 100 kg of fresh tea leaves were collected from a tea plant (Camellia sinensis) farm in Shizuoka Prefecture, Japan, 7th August, 2008. The fresh tea leaves were immediately transported to a laboratory using a refrigerator car (at 5 C) and then washed with pure water whose volume doubled that of the tea leaves. The washing was carried out 3 times with fresh pure water each time, while sprigs were manually removed, and only the leaves were used as the raw material. After that, the tea leaves were dried in an oven at 60 C for 24 h. The dried tea leaves were then frozen pulverized and passed through a 90-μm mesh nylon sieve, and then approximately 18 kg of tea-leaf powder was obtained. The tea-leaf powder was homogenized with a plastic splitter, and then subdivided into 732 labeled amber glass bottles (50 mL, 20 g of tea-leaf powder each). Sterilization of the bottled tea-leaf powder was carried out by being subjected to γ-ray irradiation (ca. 20 kGy). Finally, the candidate CRM was obtained, which was vacuum sealed in individual transparent plastic bag. It should be noted that the A certified reference material (CRM) for trace elements in tea leaves has been developed in National Metrology Institute of Japan (NMIJ). The CRM was provided as a dry powder (<90 μm) after frozen pulverization of washed and dried fresh tea leaves from a tea plant farm in Shizuoka Prefecture, Japan. Characterization of the property value for each element was carried out exclusively by NMIJ with at least two independent analytical methods, including inductively coupled plasma mass spectrometry (ICP-MS), high-resolution (HR-) ICP-MS, isotope-dilution (ID-) ICP-MS, inductively coupled plasma optical emission spectrometry (ICP-OES), graphite-furnace atomic-absorption spectrometry (GF-AAS) and flame atomic-absorption spectrometry (FAAS). Property values were provided for 19 elements (Ca, K, Mg, P, Al, B, Ba, Cd, Cu, Fe, Li, Mn, Na, Ni, Pb, Rb, Sr, Zn and Co) and informative values for 18 elements (Ti, V, Cr, Y, and all of the lanthanides, except for Pm whose isotopes are exclusively radioactive). The concentration ranges of property values and informative values were from 1.59% (mass) of K to 0.0139 mg kg -1 of Cd and from 0.6 mg kg -1 of Ti to 0.0014 mg kg -1 of Lu, respectively. Combined relatively standard uncertainties of the property values were estimated by considering the uncertainties of the homogeneity, analytical methods, characterization, calibration standard, and dry-mass correction factor. The range of the relative combined standard uncertainties was from 1.5% of Mg and K to 4.1% of Cd. bottles were prewashed in detergent and pure water with ultrasound for 1 h, and then rinsed 3 times with pure water, dried at 60 C for 8 h, and then labeled with continuous numbers for management. Preparation of the candidate material had been cooperated by the General Environmental Technos Co., Ltd. (Osaka, Japan).
Instrumentation
Determinations of the elemental concentration in tea-leaf samples were carried out with an inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7500c), a high-resolution ICP-MS (HR-ICP-MS, Element 2), an inductively coupled plasma optical emission spectrometry (ICP-OES, Optima 4300DV), a graphite-furnace atomic-absorption spectrometry (GF-AAS, Unicam Solaar 989) and a flame atomic-absorption spectrometry (FAAS, AAnalyst 800). The operating conditions of each instrument were carried out daily according to the operating manual for the development of NMIJ CRMs. A microwave digestion instruments, Ethos 1 (Milestone General K.K.), was used for acid digestion of the samples.
The measurants chosen for determining the elemental concentrations are summarized in 
Chemicals
For obtaining the certified values and reference value, single-element standards (guaranteed by the Japan Calibration Service System, JCSS) were purchased from Kanto Chemical Co., Inc. (Tokyo, Japan). The following chemicals were also purchased from Kanto Chemical Co., Inc.: single element or multielement standard solutions (JCSS guaranteed or grade for atomic absorption spectrometry) for obtaining information values; Ultrapur ® HNO3, H2O2, HClO4, and HF for digestion of the tea-leaf samples and for making solutions.
The following enriched isotopes were used in ID-ICP-MS: 
Cleaning of sample bottles, pipette tips, and digestion vessels
Polypropylene sample bottles and single-use Eppendorf micropipette tips were used throughout the experiment. Prior to the experiment, all sample bottles and pipette tips were cleaned by soaking in a 3 mol L -1 nitric acid solution for one week, followed by rinsing 5 times with pure water in a laboratory room. The PTFE digestion vessels were cleaned with a Trace Clean system (Milestone General K.K.) employing 50% aqua regia (450 C, 3.5 h), followed by rinsing 5 times with pure water.
Dry-mass correction factor
The property values and information values for the elements were determined based on the dry-mass. The dry-mass correction factor was obtained by 85 C for 15 to 25 h, while the thus-obtained dry-mass correction factor was equivalent to those obtained by drying in desiccators with phosphorus pentoxide for one week.
Optimized microwave digestion procedure
All of the certified values, reference value, and information values were determined after microwave acid digestion of the sample with the dry-mass correction. The optimized microwave digesting procedure was as follows. Approximately 0.5 g of the sample was precisely balanced and put into the digestion vessel, and then 6 mL of HNO3 and 2 mL of H2O2 were added. The digestion vessel was immediately sealed, and then left overnight. After that, the sample was subjected to the first step of microwave irradiation (ramp: 150 C for 30 min, hold for 5 min). After cooling down, 0.5 mL of HF, 1.5 mL of HNO3 and H2O2 each were further added into the sample, which was then subjected to the second step of microwave irradiation (ramp: 220 C for 25 min, hold for 20 min). After the second step of microwave irradiation, the acid solution in the digestion vessel was completely evaporated on a hot plate in a clean bench, and then 0.6 mL of HNO3 and approximately 5 mL of pure water were added into the digestion vessel to dissolve the digested sample. Finally, approximately 30 mL of the digested sample solution was obtained by adding pure water. The thus-obtained digested sample solution was further diluted properly for measuring with the instruments. In the case of ID-ICP-MS, an enriched isotope spike was added to the sample immediately after balancing the sample.
Microwave acid digestion using HNO3, H2O2, and HF was majorly performed for measurements by ICP-MS, HR-ICP-MS, ID-ICP-MS, and ICP-OES. In addition, HNO3, HClO4, and HF were also used for digestion of the sample prior to the measurement by GF-AAS or FAAS, for the purpose of cross checking the validation of microwave acid digestion.
The determination of the dry-mass correction factor was Ni, 66 Zn/ carried out using 0.5 g of the sample, which was parallel to each batch of microwave acid digestion. A blank test was also carried out parallel to the sample in each batch of microwave acid digestion, where the equivalent volume of acid to the sample was added into a blank digestion vessel, and subjected to the same digestion procedure together with the samples.
Homogeneity test and stability test
A homogeneity test was carried out following the ISO Guide 35:2006. 21 Ten bottles (three sub-samples for each bottle) of the candidate CRM materials were digested and subjected to measurements by ICP-MS or ICP-OES. An analysis of the variance (ANOVA) was carried out for the results, and the obtained within-bottle mean square (MSwithin) and between-bottle mean square (MSamong) were applied in the Eqs. (1) and (2) to obtain the between-bottle variance (sbb) and the between-bottle variance incorporating the influence of analytical variation (ubb), respectively.
In Eq. (2), vMS within is the freedom of MSwithin. Bigger values of sbb and ubb were used as the contribution of the homogeneity to the combined standard uncertainty of the property value.
A 14-month stability test was carried out for the candidate CRM. Significant variations of the elemental concentrations were not found, and then the stability uncertainties were not considered in calculating the combined standard uncertainty of the property value.
Uncertainty estimation in instrumental measurement
Uncertainty estimations of the results obtained by instrumental analysis were carried out following the Guide to the Expression of Uncertainty in Measurement (GUM:2008). 22 In a calibration method of instrumental determination, the uncertainty was estimated based on a spreadsheet approach considering all of the factors in Eqs. (3) and (4) 
where cx is the concentration in the candidate CRM material; ccal, the concentration in the diluted sample solution subjected to the measurement; d, the dry-mass correction factor obtained as the ratio (dry weight)/(wet weight); r, the reproducibility factor obtained as the average of the relative standard deviation (RSD) of 3-sample analysis of each bottle; msol, the mass of the sample solution after digestion; mdil, the mass of the sample after dilution; mx, the mass of the candidate CRM sample used for digestion; msol′, the mass of the digested sample solution taken for dilution to obtain the diluted sample solution for measurement; cblk, the method blank; ya, the signal intensity obtained from the measurement; a and b, slope and intercept of the calibration curve. 
In Eq. (6), the subscripts x, y, z, b, and b′ represent the sample, the isotope enriched spike, the standard, the blend solution of x and y for ID, and the blend solution of y and z for reverse ID, respectively; mx and my, mass of x and y in blend b (g); m′y and mz, mass of y and z in blend b′ (g) 
Results and Discussion
Optimization of the volumes of acids for digestion
Microwave acid digestion using HNO3, H2O2, and HF was optimized to pretreat the candidate CRM prior to the measurement. The optimum volumes of HNO3 and H2O2 were selected as the minimum volumes for obtaining a colorless transparent digested sample solution. After optimization, the volumes of HNO3 and H2O2 in the first step were 6.0 and 2.0 mL, while those in the second step were 1.5 mL each.
Because silica is the second most abundant element in soil, 0.1 to 10% of silica is present in plant samples. 24 Quite a number of studies had showed that the addition of a small volume of HF was required for complete digestion of plant samples for determination of the elements. [25] [26] [27] [28] [29] [30] Therefore, HF was also used in the present digestion procedure for the complete digestion of samples.
Optimization of the HF volume for digestion was carried out by adding 0, 0.1, 0.5 and 1.0 mL of HF in the second step of digestion. The results showed that significantly lower (2 to 5%, w/w) values were obtained for such elements as Fe and V when less than 0.1 mL of HF was added. On the other hand, the results obtained by adding 0.5 and 1.0 mL of HF were in agreement with each other, considering the uncertainties of the measurements. As a result, 0.5 mL of HF was selected as the optimum volume in the present digestion procedure.
It should be noted that the present acid digestion was carried out with closed Teflon digestion vessels. After microwave irradiation, the acid solution in the digestion vessel was completely evaporated on a hot plate; meanwhile, no more acid was added. An additional test was carried out by adding approximately 1.0 mL of HNO3, H2O2, and HF each into the acid solution during the above-mentioned evaporation process, from which results the loss of B up to 20% were observed.
Validation of methods
A tea leaves CRM (NIES No. 7) was analyzed by ICP-MS to check the validity of the present method, the results of which are summarized in Table 2 . The present results were in agreement with the certified values.
Furthermore, a recovery test was carried out for randomly selected elements, i.e., Al, Ca, K, Mg, Mn, and P, by adding standard solutions into the sample solution. The observed recovery values for all of these elements were in the range of 99.0 to 101.0%.
Based on the above-mentioned facts, the present methods were regarded to be valid for measuring the elements in tea-leaf samples.
Results of homogeneity test
The results of homogeneity tests are summarized in Table 3 . It is noted that bigger values of sbb and ubb are shown in bold font for each element, which was regarded as the contribution of the homogeneity to the combined standard uncertainty, and will be discussed in the following parts of the present work.
In a comparison to the combined standard uncertainties, the uncertainty factors due to homogeneity were small enough so that the candidate CRM was adequately homogeneous for developing the CRM.
Analytical results and property values of the elements
Analytical results obtained by each method are summarized in Table 4 along with the property value of each element, where the analytical results are shown as (mean ± standard uncertainty). It is noted that all of the elements were determined by more than three independent methods, except for Co. Because the measurement of Co was carried out with only two methods, and ID-ICP-MS was not available, the property value of Co was treated as a reference value following the rules of NMIJ's quality system. Based on Eq. (7), the property value of each element was calculated as the weighted mean of the results obtained by every method,
where cchar is the characterized property value, ci the concentration obtained by method i, and wi the weight of method i, where wi was calculated based on
where ui is the standard uncertainty of method i. It is noted that when the standard uncertainty obtained by ID-ICP-MS was larger than those by the other methods, the weights of the other methods were considered equally to that of ID-ICP-MS. Besides, the uncertainty of the characterization was calculated based on Eq. (9), and was applied to the calculation of the combined standard uncertainty of the property value,
Calculation of combined relative standard uncertainty of property values
The combined standard uncertainties (uc) of the property values for the candidate CRM were estimated by combining the contributions of homogeneity (uhom), analytical method (umeth), characterization (uchar), calibration standard (ustd), and dry-mass correction factor (udry). The calculation of uc was carried out based on
The results of the combined standard uncertainty of the property values are summarized in Table 5 along with the relative values of each factor. It is noted that the values of uhom were obtained by the homogeneity test, i.e., larger values of sbb and ubb. The values of umeth were obtained as the between-method variance, similar to sbb in the homogeneity test, based on an ANOVA analysis of the results with all methods given in Table 4 . The calculating of uchar was based on Eq. (9) . The values of ustd were calculated based on certificate reports of the JCSS standard solutions; udry was investigated by heating the candidate CRM at 75 C for 15 h and 95 C for 25 h, respectively. The maximum variation of the dry-mass correction factor was applied as the uncertainties of the dry-mass correction. The reason is that the maximum variation of the temperature in an oven was approximately 10 C, while heating in an oven at 85 C for 15 to 25 h was set as the dry-mass correction condition for the candidate CRM.
The transport conditions were chosen so that no additional uncertainty would contribute to the uncertainty of the property values. The results of a 14-month stability test showed there was no significant variance. As a result, the contributions of transportation and stability to the combined standard uncertainty of the property values were not considered for the present candidate CRM.
Long-term stability monitoring will be carried out during the whole period when the present CRM is in service.
Property values and expanded uncertainties of the elements in NMIJ CRM 7505-a
The property values of 19 elements, 18 elements with certified value and one element with a reference value, were characterized in the present CRM. As summarized in Table 6 , the property values are shown as (cchar ± U) with a covering factor of k = 2, which corresponds to an estimated confidence interval of approximately 95%. It should be noted that the property values were calculated based on the dry-mass. 
Informative values of the elements in NMIJ CRM 7505-a
In addition to the elements with property values, the concentrations of 18 elements were determined by HR-ICP-MS or ID-ICP-MS after acid digestion. The mean values of the concentrations of these elements are summarized in Table 7 as informative values. A homogeneity test was carried out for these elements; the uhom values of these elements were all less than 3.5%. The property values were not provided for these elements because either there were not adequate results from multiple methods for characterization, or the calibration standards were not traceable to the International System of Units (SI).
Additional information
Using the candidate materials of the present CRM, an inter-laboratory comparison had been carried out to check the validation of the present methods on measuring elements in tea-leaf samples. National Metrology Institutes of China and Korea, National Metrology Institute of China (NIM, China) and Korea Research Institute of Standards and Science (KRISS), had participated in the comparison measurement with NMIJ. Each participant institute used its own digestion method and measurement method. The dry-mass correction factor was also determined individually according to the procedure described in the present work. The analytical results of the inter-laboratory comparison are summarized in Table 8 . It can be seen in Table 8 that the results reported from the three national metrology institute were in agreement with one another. This fact further improved that the methods used for developing the present CRM are validate.
Conclusion
A tea-leaf CRM, NMIJ CRM 7505-a (tea leaves powder), has been developed by NMIJ. Property values for 19 elements (Ca, K, Mg, P, Al, B, Ba, Cd, Cu, Fe, Li, Mn, Na, Ni, Pb, Rb, Sr, Zn and Co) and informative values for 18 elements (Ti, V, Cr, Y, and all of the lanthanides except for Pm) were provided for the present CRM.
The combined relative standard uncertainties were estimated by combining the contributions of homogeneity, analytical method, characterization, calibration standard, and dry-mass correction factor.
It should be noted that a close acid-digestion system is preferred for the analysis of the present CRM. The loss of B up to 20% was observed when the present CRM was digested in an open system. Furthermore, the concentration of K in NMIJ CRM 7505-a is 1.59%, attention should be paid to measuring the elements at lower mg kg -1 levels, which might suffer from a significant matrix effect caused by K. Internal standard correction, standard addition, and/or matrix matching methods are strongly suggested for the analysis of the present CRM. 
